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OF DIRECT GAIN PASSIVC SOLAR HEATED BUILDINGS

i
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The sunspot code for per formance analysis of
direct gain passive solar heated buildings is
used to calculate the annual solar fraction for
two representative designs in ten American
cities. The two representative designs involve a
single thermal stcrage mass configuration which
ie evaluated with and without nignt insulatian.
In both cases the oolar aperture is double
glazed. The results of the detailed thermal
network calculations are then correlated using
the monthly solar load ratio method which has
already been successfullv applied to the analysis
of both active solar heated buildings and passive
therma) storage wall systems. The method 1s
based an a correlatian between the monthly solar
heating fractian and the monthly solar load
ratlo. The monthly solar load ratio is defined
as the ratio of the monthly solar energy
transmitted throwh the glazing aperture to the

building's manthly thermal load.

“The procedure using the monthly method for any

location is discussed in detail. In addition, a
table of arnual performance results for 84 cities

“1s presented, enabling the designer to bypass the

monthly mmethod for these locations.

1. Introduction I
The solar load ratio method for estimating the
performance of solar heated buildings was
origina]l{ developed as a design tool for active
systems. (1) Later the technique was modified
slightly by Balcomb and McFarland(¢) and

applicd to passive yolar heated buildings of the
thormal storage wall type. T1a this paper, the
technique of Balcomb and McFarland, as described
in Ref. 2, i3 ecxtended to include dircct gain

pasaive golar heated buildings.

involves the use of a
solar heating (rac-
ratio. The monthly

The solar load ratio method
correlation between monthly
tion and nonthly solar load
eolar load ratio is defined as the ratio of the
polar radiation transmitted through the glazing
of the solar aperturc during a one monch period
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to the total building heating load during the
same ane month period. Simulation results on
which to base the correlation for direct gain
buildinys were obtained from a series of cal-
culations performed with the PASOLE/SUNSPOT(3)
thermal network code. SUNSPOT has been validated
on the basis of experimental data fram the direct
gain test cell at the Los Alamos Solar Laboratory
and although it is quite a simple model it is
oconsidered a reasonably accurate representation
of actual direct gain buildings.

In the follawing sections we describe the
procedure used to correlate the monthly solar
heating fraction for direct gain buildings with
the monthly solar load ratio. Limitatians and
accuracy of the resulting correlation are dis-
cussed. Finally a step-by-step proceduve for
estimating the annual performance of an arbi-
trarily located direct gain building on the basis

‘ of the solar load ratic correlation is presented.

2. The Reference Direct Gain Design

A single reference design is used in this study.
It is, of course, desirable to have several
reference designs available for analysis by the

. eolar load ratio method and studies involving
other confiqurations are therefore planned for

the ncar future. At present, however, the per-
formance of direct gain systems other than the
reference design must be estimated ty scaling the
cresults based on parametric studies as will be
discussed later.

The characterist s w the direct ¢.uin reference
design are matched to corresponding character-
istice of the previeusly reported solar load
ratio analysis of thermal storage wall
systems (1) "whernver possible. For example, tha
direct gain desian has a six inch thick layer of
high Jdensity concrete distributed on the floot
and north, east or west walls of the enclosure.
The mass surface avea is three times the glazing
area. Thus the total voclume of concrete thermal
storage mas: is equal to that available in an 13
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inch Trobe wall whose surface area equals the
glazing area. 1he remaining characteristics of
the reference direct gain design are:
Thermal Storage: 45 Btu/OF-ft2 of glazing
Mass Distribution: 6 in. thick layer of
concrete on floor and
north, east or west walls,
Mass surface area is three
times the glazing area.
Other Building Mass: Negligible
Double Glazing: Normal solar
transmittance = 0.747

Air Temperature Range in Building: 65% to
79
Night Insulation: R9 when used. Insulation
in place from 5 p.m, to
7 a.m,

Mass-surface-to-room air conductance:
1.0 Btu/hrs ft2«CF

Storage Mass Properties:

thermal conductivity = 1,0 Btu/hr £t ©F

heat capacity =30 Btu/ft3 ©F
Glazing Orientatian:
Mass Surface Solar Absorptance:
Gro'nd Reflectance: 0.3
Overhang: None

0.8

The above design is not as constrained as first
appearances might indicate. Although the
thickness and surface area of the thermal storage
mass are fixed, the distribution of the mass
along the interior surfaces of the enclosure is
arbitrary except that the ceiling is excludd.
During the oourse of validating the SUNSPOT model
it was determined that the performance of direct
gain enclocures is rot very sensitive to vari-
ations of mass or solar radiation distribution
within the enclosure. However, all non-massive
surfaces are rodeled as perfect reflectors
representing the use of light oolors on all light
weight elements of the building shell. In order
to account for the presence of furniture, ruwgs
and other low thermal capacity objects in the
direct gain enclosure, it is assumed tnat 2J% of
the transmitted solar flux was absorbed directly
into the room air. This procedure synthesizes
the absorption of solar radiation by objects
which heat up rapidly due to their low heat
capacity and subsequently lose thermal energy to
the room air with very little lag time.

Vertical and south facing

3. 'Me Solar Ioad Ratio Correlation

A data bazse for the sclar lcad ratio correla-ion
was genercted by perfcrming a one yezr SUNSPCT
calculation for the reference direct sain des:gn
(with and witho.t nigh%t insulztion) in each <2
ten American cizies. The ten cities were se_zcted
on the basis of obtairing a vzriety <Z different
types of climatss. A lList of the ter cities :s
presented in Teczle 1 as are the latizade, lorgi-
tude, annual hezting cagree days and znnual
insolation at each size, The beginning date of
the "typical yezr" his-orical weather file us=ad
for each city is also listed. The t.pical y=zars
were determineéd for each city on the zasis cf
past work on active gstem sinulaticr. as the rear
which gives an annual perforrance clzsest tc the
average annual cerformance over a ten year period.
Calculations in each <ity were run wi<h and
without night insulation for four diiferent
glazing area to building load ratios. Thus =
toteY of 10 x 2 x 4 = 30 annual calc.lations were
performed. The monthl data points cotained with
and without nicht insilation are plczted in Iigs.
1 and 2 respectively. 1In eacn figurz, the
monthly solar reating fraction is pictted as a
function of the month y solar load rztio. The
grouping of the data ioints indicatez that a
correlation does exis: and, as shown in Figs. 1
and 2, we have fit analijytic curves 5 both sz:s

of data. The f.nctiaral relationship is given by:
SHY' = aj (SLR), SLRER
SHF = ap - a3 sxpl-a,,(sm)] , SIR> R

The coefficients selected are those which yiz=ld a
least sguares £it to znnual solar hezting
fraction for t- e whola data set. The
coefficients are given in Tazle II a_ong witn the
standard deviation,c, of the annual Zata.

The correspondence be“ween annual sclar heating
fraction by the montnly solar load rztio meznod
as compared with the Hour-by-hour results is
given in Figs.3 and 4.

Table I

American Cities used in Solar load Ratio Cecrrelation

Annual Heating  Annual Insolaticn Typical Year

City latitude Longitude Degree Days (03Bt /f£2) Start Sate
Albuguerque 35.0 1.6 4253 688 7/1/62
Los Alamcs 35.8 1.3 7350 518 9/1/72
Madison 43.0 -0.7 7838 513 7/1/61
Medford 42,3 2.9 5275 527 /1/61
Doston 42,3 6.7 5535 444 1/1/51
Santa Marla 4.8 0.4 3065 649 7/1,/56
Nashville 36.1 ~3.3 3786 513 7/1,755
Char leston 32.8 5.0 2255 554 7/1./63
Bismark 4.8 10.8 8234 484 1/1/54
Lake Charles 3.1 3.2 1694 546 /1/57



Table IT

Coetficients for Solar Heating Fraction Correlaticn Function

Direct Gain with

Dizrect Gain (DG) Night Insulation (DGNT)
R 0.100 0.600
a 0.6182 0.8865
a 1.0097 1.0028
a8 1.0710 1.2646
[N 1.2208 1 5467
] «025 030
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4. Estimating the Performance of Direct Gain
Buildings

In this section we present a method for
estimating the annual performance of direct gain
solar buildings of the reference type at
arbitrary locations. The only weather data
required are total monthly insolation on a
horizontal surface and monthly heating degree
days. Extention of the results to non-reference
designs is discuused in the following section.




Monthly Transmitted Solar Radiation

Step 1: Obtain the total monthly solar radjiation
on a horizontal surface, QH(Btu/ftz),
from weather data at the location of in-
terest. Repeat for all 12 months.,

Step 2: Calculate (L ~-8) for each month where

L = latitude (deg)
= 23,30 cos (30%M - 1879), solar
declination at mid-month (M = month
number, i.e. M = 1 for Januvary)
Step 3: From Fig. 5, determine a value of
for each of the monthly values
of (I~¢).
Then calculate

where Qp is the monthly solar radiation
transmitted through each square foot of vertical
double glazing facing due south. {The data
presented in Fig. 5 is the result of hour by hour
simulations in 21 U.S, cities. The Boes
correlation(3) was used to determine hourly
direct normal and diffuse solar radiation from
hourly total horizontal radiation). The analytic
form of the function presented in Fig. 5

is:

gz = ,266 -~ ,00251 (L-6) 4 .000308(1..—6)2 (2)
H

The standard deviation is 0.060,
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Fig, 5. Ratio of solar flux transmitted through
. double clazing to solar flux incident
cn horizontal surface vs latitude minus
mid-month solar declination,

Step 4: The relaticnship represented in Pguation
(2) is based on an assumed ground reflectance

of 0.3. In some cases a designer may wish to use
a horizontal specular reflector on t™2 ground in
front of the solar aperture. If the reflactsc is
equal in area to the glazing apertures and has a
reflectance of 0.8, the monthly tran=mitted solar
radjation is enhanced as illustrated :in Fig. 5.
The enhanced monthly transmitted soler radiati

is given by

Op=0Qp * BF

re EF is the enchancement factor and D-
is the transmitted solar radiation cbtai-ed
in step 3 above. 7The correlatior. ip Fig. 6
was obtained from hour by hour simulatiors in
ten American cities. The stendard deviation
is 0.0197. The analytic form of the function
in Fig. 6 is:

EF = 1.008 - .0179(L-8§) + .00192 (L-6)2
- 4.03 x 10" (1-8)3
+ 2,45 x 10" (L-6)7 (3

Op is the desired monthly transmitted solar
radiation.

-
[

—"I"Trrl—rrr—l T : | e |

LR S

SPECULAR REFLECTOR ENHANCEMENT F2CTCR

-
a

-
N

R
—

°
LI LA B B

]
D\ IS W T AU NI WA S A S I
0 20 40 ) 60
LATITUDE MINUS MID-MONTH SOLAR DECLINATION,L=8 (<eq)

Fig, 6. Specular reflector enhancement fac-or
vs latitude minus mid-month solar
declination.

Monthly Thermal Load

Step 1: Calculatv the building loss coefficient
{BIL) in Btu/degree—day. The BILC is
the sum of the building skin condactance
(including the south facing glazing) and
the infiltration.

Step 2: Determine the ionthly heating degree days,
DD, from weather data at the site of
interest.

Step 3: Determine the monthly thermal load,

MIT, by taking the product of the



building loss coefficient and the monthly
heating degree day values.

MIL = BIC - [D

Monthly Solar Load Ratio

The monthly solar load ratio is

SIR = Qp/MIL

Monthly Solar Heating Fraction

Each previously calculated monthly solar load
ratio corresponds to a uique -anthly solar
heating fractian, SHF, which can be obtained from
the solid lines graphed in Ficz. 1 and 2 for
designs with and without night insulation,
respectively.

Monthly Auxiliary Energy Required

The auxiliacy heating energy, AUX, reéﬁired each
month is calculated as follows:

AUX = (1-SHF) « BIC - DD
Annual Auxiliary Energy Required

Simply sum the monthly AUX's to get the annual
total.
12
ANNUAT, AUX = AUX;
i=1

Annual Solar Heating Fraction

Sun monthly heating degree davs to get ANNUAL [D
and evaluate the annual solar fraction as follows:

S. Variations from the Reference Designs

In the near future solar load ratio curves will
be generated for several additimnal direct gain
onfiqurations in order to extend tre
apulicability of the solar lozd ratio method. 1In
the meantime, the verformance of non-refnarence
oconfiguratia.s mus: be agprox:mated by scaling
annual solar fractions obtained for the reference
design on the basis of detailszd sensitivity study
results. The variation of anrn.al solar heating
fraction as a function of numzer of glazincs,
resistance of night insulation, thickness of
thermal storage rvss, surface area of tiermal
storage mass, and allawable room air temperature
swing has been determined by performing an
extensive matrix of SUNSPOT calculations. The
results are reported in another paper in these
proceedings. (6} rrom the calculated rnsults
presented in Reference 6 it is possible to
determine the fractional chance in annual solar

heating fraction which results from a selected
design departure from the reference system. The
annual solar heating fraction obtained by the
solar load ratio method can be multipiied by <he
appropriate fractional change in order to
determine the performance of the confisuraticr. of
interest to the designer. Application of this
approximation involves the implicit assumptice
that fractional variations of tne annual solar
heating fraction due to changes in a single
design parameter are insensitive to the values of
the remaining design parameters. This implic.t
assumption is of course not rigcrously correc:
but use of the suggested scaling correction is
better than using no correction at all for
off-reference corfigurations.

6. Tabular Solution for Annual Solar
Heating Fraction in 84 U.S. ana Canadian Cities

A variation of the solar load ratio method
described in section 4 has been used to calculate
annual solar heating fractions for the refererce
direct gain desiqgns in 84 U.S, znd Canadian
cities and the results are presented in Table
I1I. A designer interested in a building sirce
located in one of the cities included ia Table
I1I need not perforin the month =y month
calculations required by the solar load ratio
method. Instead, the following much simpler
procedure may be followed:

Step 1: Calculate the building loss cuefficiznt
(BLC) in Btu/degree-day. This is the sum
of the building skin conductance
(excluding the south facing glazirg) and
the infiltration lqad. Internal heat sources

may be subtracted irom *he tuilding loss
coefficient, IMPORTANT: Fer=mber that when
using Table III the calculated building i12ss
coefficient should not include the south
facing glazing of the solar aperture.

Step 2: Calculate the building load collector
ratio (LCR) defined as follows:

BLC

ICR = -
Solar Collection Area (ft;)

Step 3: Llocate the city and reference design of
interest in Table III. The sinbol DG
refers to the direct cain design and
DGNI is the direct gain design with
night i{nsulation. The load ccllector
ratios required to achieve the indiczted
solar heating fractions, which range
fraw 0.1 to 0.9, appear beneath the
solar heating fractions., It will
usually be necessary to interpolate :n
the table in order to dztermine the
correct solar heating fraction,

Step 4: The annual auxiliary energy required oy
the building is given by:

ANNUAL AUX = (1-SHF) e (ANNUAL DD) *(BLC)
where, again, the building loss

ocoefficient doec not include the solar
aperture.
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7. Cunciusion

The informatian and techniques presented in this
paper, when combined with the results of the
sensitivity study reported in Reference 6, are
sufficient to provide an estirzate of the annual
performance of most direct gala designs at any
building site in the United States or Canada.
Solar load ratio correlations for additicral
direct gain designs will be developed in the near
future in order to minimize the amoxnt of scaling
{based on sensitivity calculations) regquized to
estimate building performance.
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